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Maximum Torque Production in the Quadriceps Femoris
Muscle Group Using a Variety of Electrical Stimulators
A variety of electrical stimulators were used
to produce a maximum tolerable contraction
(MTC) in the non-dominant quadriceps femoris
muscle group of 14 normal female sUbjects.
This was compared to each subject's maximum
voluntary contraction (MVC). A robotic dyna-
mometer (Kin-Com) was use.d to control and
measure joint angle and isometric torque pro-
duction. Results indicated considerable varia-
tion in the torque produced by each subject
under the different stimulation conditions. In
general there were no significant differences in
the force produced by each type of stimulator.
However, significant differences were observed
between all MTCs and MVC. Several subjects
achieved a contraction under electrical stimu-
lation in excess of their MVC.
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Electrical stimulation has been widely
used in medical practice for many cen-
turies, with the electrical stimulation of
excitable tissues being well documented
by Stillwell (1983) and Geddes (1984).
The very considerable developments of
recent decades in the general areas of
electronics and microprocessor tech-
nology have enabled biomedical engi-
neers to construct a variety of stimu-
lators delivering various therapeutic
electric currents. Despite the frequent
claims of the manufacturers regarding
the uniqueness of the current form pro-
duced by particular stimulators, it re-
mains a fact that there are only two
types of current which can be safely
administered to a patient: direct (DC)
and alternating (AC) currents. The
continuous form of direct current, cor-
rectly called Galvanism, is not used a
great deal in modern physiotherapy
practice; however, the interrupted (pul-
sating) form of DC is widely used in
a variety of stimulators. This type of
output is more correctly called 'mon-
ophasic' whilst the alternating variety
is better described as a 'biphasic' cur-
rent. Biphasic currents may also be
produced in either continuous or in-
terrupted forms. Examples of a con-
tinuous biphasic current are the tra-
ditional sinusoidal (50 Hz) and
conventional interferential (4000 to
5000 Hz) currents. It is possible to
switch the continuous biphasic output
on and off, thereby producing an in-
terrupted output. This should not be
confused with the classical interferen-
tial stimulus which is an amplitude
modulated medium frequency, bi-
phasic wave. The interruption concept
is used extensively in the stimulation
of motor nerves and is sometimes re-
ferred to as 'surging' the output. The
current format used by the Soviet and
North American workers is an example
of this type of current, ie a medium
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frequency (1600 to 2200 H~ signal in-
terrupted (10 ms on and 10 ms off).
This produces 50 'bursts' or 'packets'
per second. These are grouped together
to produce a tetanic muscle contraction
lasting 10 seconds, followed by a rest
period of 50 seconds. Figure 1 illus-
trates the basic concepts of mono-
phasic and biphasic waveforms. For a
more detailed discussion in this area,
the interested reader is referred to Ward
(1982), Wolf (1982), and Stillwell
(1983).
Despite the wealth of information
and experience gathered by many
workers over a number of decades there
remains considerable debate concern-
ing the optimal stimulating parameters
to be used for electrical stimulation. In
terms of electro-motor stimulation
(EMS), the goal is to produce a strong,
relatively painless contraction which
does not damage the patient's muscles.
At the present time there is no par-
ticular current form which is generally
accepted as having the 'optimal' stim-
ulus parameters. Indeed, there is still
considerable debate regarding the op-
timal stimulating parameters them-
selves (Alon et of 1983, Lloyd et of
1986). Very few systematic studies of
the stimulating parameters have been
reported. Of those which have ap-
peared in the literature, most have used
machines already available and have
not investigated the primary physio-
logical effects of EMS in terms of the
relationships between various stimulus
parameters and torque production
(Kramer et 01 1984, Reisman 1984,
Walmsley, et 01 1984). No firm con-
clusions can be drawn from these stud-
ies as to which type of stimulator pro-
duces the optimal response in a subject,
since there is considerable variability in
the response to electrical stimulation.
In practical terms, it is misleading to
compare medium frequency (interfer-
ential) and low frequency stimulators,
since there is little effective difference
between the two types of stimulation.
The interferential current form uses a
medium frequency carrier signal mod-
ulated in amplitude to produce a low
frequency 'beat'. The effective stimu-
lus is thus similar in many ways to the
low frequency current types (De Do-
menico and Strauss 1985). Any differ-
ences in torque production may be at-
tributed to a comfort factor, rather
than an inherent difference between the
two concepts. It is of course possible
to use a medium frequency current
which is not 'interferential'. The ob-
vious example is the so-called 'Russian
Faradism' . Indeed, a number of studies
have used this type of output to elicit
joint torque (Lloyd et 01 1986).
With these thoughts in mind and as
a first stage in the investigation of the
effects of different stimulation para-
meters, a number of commercially
available stimulators were tested in or-
der to determine the maximum torque
produced under voluntary (MVC) and
electrically stimulated (MTC) condi-
tions.
Methods
Fourteen female subjects were tested
three months after their participation
in the previous experiments (Strauss
and De Domenico 1986). The MVC
and MTCs were determined for the
quadriceps femoris muscle of the non-
dominant limb. Isometric torque was
measured at a joint angle equal to 60
per cent of total active knee range from
a position of full knee extension for
each subject. This limb position was
shown in the previous study to produce
the highest MVC torque. The MTC for
each type of stimulation was also pro-
duced in this position, since there were
no significant differences between the
three angles producing the highest MTC
torques (Strauss and De Domenico
1986).
Subject position and electrode place-
ment were identical to those described
previously. Figure 2 shows the basic
experimental arrangement.
ELECTRICAL STIMULATION
MONOPHASIC
PULSE CHARACTERISTICS (2)
INT.
oL-..l-_L-L-__---ll..----l'---~_...L-.L.___6. JI...._
TIME
D.C.
Electrical Stimulation
Seven commercially available stim-
ulators were tested. These stimulators
are referred to throughout the text as
Stimulators A to G. Their technical
details are summarized in Table 1. The
type, dimensions and positioning of the
electrodes were as previously described
(Strauss and De Domenico, 1986).
BI-PHASIC
A.C.
Figure 1: Examples of the basic concepts of monophasic and biphasic waveforms.
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Experimental Protocol
The subject was appropriately posi-
tioned and active knee range measured.
The angle corresponding to 60 per cent
of range (mean of 68.6 degrees, range
of 60 to 80 degrees of knee flexion)
was determined. The weight of the leg
and foot were measured by the Kin-
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Figure 3: Mean percentage MTC torque and standard errors (N = 14) for each of
the seven stimulators (see Table 2 for the associated standard errors).
Figure 2: Subject seated in the experimental position.
Discussion
The results shown in Figure 2 and
Table 2 seem to indicate a progression
from the low torque generation of
Stimulator A (high voltage stimulator)
up to the high torque generation of
Stimulator G (the low frequency 'far-
adic' type generator). This conclusion
is not justified by the results of the
statistical analysis. In addition, we be-
lieve that the major reason for the lower
torque values achieved using Stimula-
tors A and B is related to a technical
feature inherent in these stimulators.
In most subjects the full output of these
machines could be tolerated without
producing a painful reaction. In other
words, the stimulators 'ran out of in-
tensity'. This may be attributed to the
extremely short pulse duration which
Results
The maximum electrically stimulated
torque (expressed as a percentage of
the maximum voluntary torque), pro-
duced in each subject by the various
stimulators is presented in Table 2. It
should be noted that some subjects
achieved an MTC in excess of their
MVC (ie a value > 100070 MVC). Fig-
ure 3 illustrates the means and standard
errors of the MTC torque for each of
the stimulators expressed as a percent-
age of the MVC torque. The stimula-
tors have been ranked from the lowest
to highest by the mean percentage of
MVC torques produced.
Analysis of variance with repeated
measures revealed a significant inter-
action between maximum torque and
contraction condition (p < 0.01). Fur-
ther analysis using Newman Keuls
planned comparisons of the means,
showed significant differences between
the MVC and the MTCs produced by
all seven stimulators. There were no
significant differences in torque pro-
duction between any of the stimula-
tors, except between Stimulator A and
Stimulator B (p < 0.01). Tables 3 and
4 summarize the results of the analysis
of variance and the comparisons of the
means, respectively.
G
for computational purposes. The reli-
ability routine of the Statistical Pack-
age for the Social Sciences was used in
a repeated measures analysis of vari-
ance. A comparison of the means using
Newman-Keuls was then conducted
(Winer 1971).
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Com for use in gravity compensation
of the torque data. Each subject per-
formed three attempts under each of
eight randomly presented conditions
(one MVC condition and seven MTC
conditions). The highest torque pro-
duced in the three attempts was used
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Table 1:
Summary table of the pulse characteristics of the seven commercially
available stimulators. The wavefOIms are diagrammatic representations
and are not drawn to scale.
STIMULATOR WAVE FORM CURRENT FORMAT
TYPE PULSE
DURATIOII FREQUEIICY
m10res.os Hz
A
~
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INTELECT 500 twm-splke
HIGH VOLTAGE
Chet tenooge Corp
B
-9=r- blpheslc o to 50 CernerVECTORSURGE symmetncel Meen =25 slgnelINTERFERENTIAL sQuere weve 10,000Beel freQMetronex Engmeenng 58 - 73
C
-4;;- blpheS1C 100 CarnerERBE sme wave slgnel5,000INTERFERENTIAL Beet freQ
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D Y blphaslc 50 100BI05T 1M 24 BS symmetncellOW FREOUENCY modlfledBl0eleclronlcs sQuere wave
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Bloelectronlcs
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was effectively less than JOO microse-
conds for Stimulator A and less than
50 microseconds for Stimulator B. At
such short durations, a high peak in-
tensity is needed in order to produce
an effective stimulus for a motor re-
sponse. The relationship between stim-
ulus intensity and pulse duration is well
known and illustrated in the strength-
duration curve. The relationship shows
that at very short duration pulses (less
than 100 microseconds) the threshold
stimulus for sensory, motor and pain-
ful responses are widely separated.
However, as the pulse duration be-
comes longer the stimulus tends to be-
come more uncomfortable (Alon et af
1984). If more intensity had been avail-
able with these stimulators then higher
mean torque levels may have been
achieved. However, the intensity of the
stimulus would still have to be a safe
one.
Although there were no signficant
differences between each of these types
of stimulators and all the others, an
intriguing finding was that a significant
difference (p < 0.01) existed between
these two stimulators. This finding may
be explained by the small differences
in the mean values recorded for Stim-
ulator A and Stimulator B, and the
high correlation (r = 0.79) between the
subjects' torque values for these two
tests. That is, a consistent score was
achieved by subjects with Stimulator
A compared to their result with Stim-
ulator B.
From Table 3 it can be seen that
several subjects achieved an MTC in
excess of their MVC (ie a value >
100070 MVC). This confirms similar ob-
servations by other authors (Kramer et
af 1984, Walmsley et af 1984). This is
an interesting observation since this re-
sult was not confined to a single type
of stimulator and may indicate that the
stimulus parameters for producing this
effect are different for each subject.
This is not an unreasonable suggestion,
since individual subjects tend to re-
spond very differently to a given stim-
ulus type. This concept requires further
investigation. In terms of the work of
Kots and Chuilon (1975), the present
findings and other studies support the
contention that it is possible to achieve
higher torque values using electrical
stimulation than those produced vol-
untarily. However, this effect does not
appear to be consistent for a given type
of stimulation.
A significant consideration with the
production of an MTC is the inevitable
painful response produced by the
stimulation of nociceptive fibres. All
subjects reported wide variability in the
comfort level between each stimulator.
Some subjects reported some anxiety
resulting from the feeling that the mus-
cle was about to 'tear'. It was also
common for subjects to report muscle
soreness as early as the following day,
and which in many cases persisted for
a few days. This sensation was not
dissimilar to the mucle soreness expe-
rienced following unaccustomed or
strenuous activity. In all cases there
were no lasting ill-effects from the
stimulation. It is interesting to specu-
late about the reasons for the subse-
quent soreness felt by many subjects,
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Table 2:
Summary table of MTC torque expressed as a percentage of MVC torque
for each subject by each of the stimulators.
TYPE OF STIMULATOR
SUBJECT A B C D E F G
1 530 645 540 752 513 930 54)
2 336 382 640 702 811 825 957
3 849 900 809 973 911 1029 816
4 386 45 9 337 314 30 9 569 384
5 260 266 28 1 384 433 29 1 458
6 402 523 562 614 632 435 645
7 1046 1026 699 889 889 923 1058
8 615 696 ft3 1 736 835 955 1129
9 38 1 537 639 453 735 659 673
10 495 600 487 570 462 505 560
11 452 407 684 459 573 536 679
12 26 1 395 26 1 30 1 647 377 728
13 138 393 604 666 729 825 864
14 476 848 78 1 78 B 724 B80 906
MEAN 473 577 58~2 614 657 696 743
S.D. 238 223 19 1 210 18 1 243 222
S.E. 66 62 53 56 50 67 62
Table 3:
Analysis of variance summary table.
particularly when the number of con-
tractions did not exceed thirty, includ-
ing practice attempts.
In terms of clinical practice it prob-
ably makes little difference which type
of stimulator is used, providing the
patient is able to tolerate the output
satisfactorily. At the present time it is
not possible to state that one type of
stimulus is 'better' than another, since
individual patients are likely to respond
differently to each type of stimulus
(however, note the high correlation be-
tween the responses observed with
Stimulators A and B). The high torque
levels seen in this study may not be
necessary in everyday practice and this
may futher reduce any apparent dif-
ferences between stimulator types.
Conclusion
The results from this study indicate
that EMS does not produce an MTC
which is higher than an MVC, although
in some subjects the reverse situation
may be true on some occasions. Mean
torque values for all the types of stim-
ulators tested were significantly lower
than the MVC. Different types of stim-
ulator do not seem to produce con-
sistently different torque levels. In
practical terms, the type of stimulator
chosen would not appear to be a major
factor in achieving high muscle tension
levels using electrical stimulation on a
large muscle group, such as the quad-
riceps femoris. The most important
factor in determining the size of the
MTC is likely to be related to the com-
fort of the stimulation since this will
greatly influence patient compliance.
This may in turn be a function of the
type and placement of the electrodes.
Further research is needed into the con-
cept that there may be different opti-
mal stimulation parameters for differ-
ent individuals.
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Table 4:
Mean absolute torque (in Nm) and standard deviations and errors for all
contraction conditions, and results of planned comparisons between
contraction conditions. The broken lines beneath the table indicate that
significant differences existed between the MVC and all the MTCs, and
also between stimulator A and stimulator B.
CONTRACTION CONDITION
STIM A STIM 8 STIM C STIM D STIM E STIM F STIM G MVC
MEAN 86.32 10678 10894 11490 12240 132 14 13666 165 16
SD 53.79 5006 4560 50 14 4566 6023 5621 3971
S.E 1438 1338 1224 1340 1226 16 10 1502 1061
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